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SEMICONDUCTOR DEVICE COMPRISING DEUTERIUM ATOMS 

BACKGROUND OF THE INVENTION 
The present invention relates to silicon<-based 
5 elactronic devices and methods of fabricating them. In 

particular, the present invention provideis improved VI*SI 
fabrication methods that minimize some of the detrimental 
effects associated with hydrogen in oxides* 

Oxide layers axa used to isolate devices and 
10 device elements on an integrated circuit. They are also 

used to control leakage currents in junction devices and act 
as stable gate oxides in field effect devices. 

Many semiconductor device elements rely on high 
quality silicon dioxide layers and the bonds they provide 
15 with adjacent surfaces. For exeunple, high quality ga^te 

oxide layers are critical to the performance of MOSFET 
devices. Unfortunately, the performance of many silicon 
devices is limited by the oxide layer and the quality of the 
interface it provides with adjacent surfaces. In HOS 
20 devices, the problematic interfaces include the gate 

conductor (usually polysilicon} *gate oxide interfaces as 
well as the gate oxide-semiconductor interface. See Sah, 
Solid-state Electronics (1990) 32:147-167, incorporated 
herein by reference for all purposes. 
25 Poor quality oxide is evidenced by such effects 'as 

unstable threshold voltages in MOS devices, leakage currents 
at junctions, high 1/f noise, high sensitivity to hot 
carrier degradation , high sensitivity to ESD (Electrical 
Static Discharge) or EOS (Electrical Over Stress) , 
30 irradiation immiinity, etc. These problems can result from a 

variety of physical factors, including increased numbers of 
surface states (at the silicon surfaces) caused by 
uncompleted or "dangling" silicon bonds, increased fixed 
charge on the silicon/silicon dioxide interface, and 



) 
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vacancies in the bulk oxide. The increased number of 
surface states can be populated by electrons that impose a 
potential on the silica/silicon interface. The fixed charge 
also contributes to the electrical fields at the interface, 
5 If the fixed charge and surface state densities become too 

great, the threshold voltage required for circuit operation 
becomes impractical. 

An importauit property of high quality silicon 
dioxide is its ability to reduce the surface state density 

10 of silicon by tying up some of the dangling bonds. In 

addition, high quality silicon dioxide should provide good 
control over interface traps and fixed charge. 
Unfortunately, even the best oxide layers leave a large 
number of dangling bonds at the silicon-oxide interfaces. 

15 Some of these bonds can be completed by annealing 

the oxidized silicon wafer in hydrogen or a mixture of 
hydrogen and nitrogen. For example, wafers are sometimes 
heated in hydrogen at 450 •C for approximately 15 minutes to 
form silicon-hydrogen (Si-H) bonds at the interface, thus 

20 reducing the density of surface states. A detailed 

discussion of the role hydrogen plays in failure mechanisms 
is provided in the review by C.T. Sah, "Models and 
Experiments on Degradation of Oxidized Silicon", g9lid-gtatg 
Electronics (1990) 22:147-167, previously incorporated by 

25 reference. 

Hydrogen can also be introduced unintentionally by 
a variety of standeird fabrication processes including 
thermal oxidation of the wafer, post-oxidation treatments of 
the wafer, and ambient oxidation of the silicon surface. 

30 All of these processes result in the formation of Si-H and 

Si-OH bonds. A detailed discussion of the sources of 
hydrogen in silica films on silicon is provided in Revesz, 
J. Electroc hem- Soc. (1979) 126:122-130, which is 
incorporated herein by reference for all purposes. 

35 some hydrogen is introduced in the form of water 

present in materials used to fabricate semiconductor 
devices. In wet thermal oxidation processes water is 
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purposely employed to form oxides, usually isolation oxides. 
These processes are rapid, but result in a somewhat porous 
oxide film. The detailed nature of the reaction of silicon 
with water vapor to form silica is somewhat complex and 
5 described in S. Gandhi, VLSI Fabrication Principles^ Silicon 

and Callium Arsenide, John Wyle & Sons (1983), chpr. 7, 
which is incorporated herein hy reference for all purposes. 

Higher quality gate oxides in MOS devices may be 
formed by a "dry" oxygen process in which water is purposely 
10 excluded. Even so, some "contaminating" water is usually 

present, resulting in the formation of Si-H and Si-OH bonds. 
For example, a commonly used process of forming gate oxide 
employs trichloroethane at 900*^0 (near the wafer surface) 
according to the following reaction: 

15 

8C2H3CI3 + 19O2 -* 12 HCl + 6 CI2 + 6H2O + 16 CO2 



Hydrogen chloride gas reacts under comparable conditions as 
20 follows: 

8 HCl + O2 — 4HC1 + 2CI2 + 2H2O. 

As seen, these processes produce water as a byproduct. 

25 Hydrogen can also be introduced by deposition of 

polysilicon from SiH4 or another silane. Even cleaning with 
hydrogen-containing agents such as water, hydrochloric acid, 
and sulfuric acid can introduce hydrogen. Finally, 
oxidation of silicon svirfaces by simple exposure to ambient 

30 conditions produces an oxide layer containing hydrogen. 

As noted above the introduction of hydrogen has 
the beneficial result of tying up some dangling bonds at the 
silicon/silica interface. Unfortunately, the resulting Si-H 
bonds (as well as other compensating bonds such as Si-OH) 

35 are wecOcer than Si-0 bonds formed with the buUc oxide layer. 

During electrical stresses, the density of silicon dangling 
.bonding is increased because Si-H and Si-OH bonds break and 
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the resulting hydrogen species migrate away. 

One source of such electrical stress is electrons 
having energies over 3.2eV which surmount the barrier 
between silicon and silicon dioxide. These "hot" electrons 

5 (or the resulting holes) can become trapped in the silica 

layer and break some of the silicon-hydrogen and silicon-OH 
bonds at the silicon and silicon dioxide interface. Hot 
electrons are especially prevalent during avalanche 
breakdown of a P-N junction, since the energy of avalanching 

0 carriers has a mean value of about 3eV. Hot electrons can 

also be produced in the channel region of MOS transistors, 
resulting in a change in the threshold voltage. 

Higher quality silicon dioxide layers haying 
reduced numbers of dangling and/or weak Si-H bonds are 

5 needed to improve the performance of many semiconductor 

devices. A concomitant new method of fabricating such 
silicon dioxide layers is likewise needed. 



SUMMARY OF THE INVENTION 

The present invention provides a method in which a 
silicon wafer is contacted with a deuterium containing 
material to form Si-D and Si-OD bonds in a silicon dioxide 
layer and on a silicon surface at an interface with the 
silicon dioxide layer. Typical silicon dioxide layers 
suitable for treatment according to the present invention 
include isolation oxides, gate oxides, and various other 
oxide layers commonly used with semiconductor devices. 
According to \hB invention, deuterium or a deuterium- ^ 
containing material is directed onto the device by, for k 
example, annealing in a deuterium containing atmosphere, I 
and/or cleaning with a deuterium compound such as DjO, D2SO4, 
and DCl. in general, any hydrogen containing material used 
in VLSI fabrication can be replaced with corresponding ^ 
deuterium containing material. 

The stability of oxide layers is improved in the 
present invention because the bond energy of the Si-H and 
Si-OH bonds is increased by replacing the hydrogen atoms 
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with deuterium atoms. The Si-D and Si-OD bonds thus foraed 
provide completed silicon dangling bonds that are less 
likely to break when exposed to electrical stresses. 
Therefore, the deuterium containing devices of the present 

5 invention have improved stability, quality, and reliability. 

In one aspect of the present invention, VX.SX 
fabrication- flows employ deuterium contained compounds in 
many or all of the fabrication steps that would normally 
employ hydrogen or a hydrogen containing compound. Thus, 

0 for example, a wet thermal oxidation step is performed witA 

heavy water rather than normal water, an annealing step is 
•'conducted in a deuterium atmosphere rather than a hydrogen 
atmosphere, a -polysilicon chemical vapor deposition .step is 
performed with SiD4 rather than silane, etc. 

5 Devices of this invention will preferably have 

substantial numbers of Si-H and/or Si-OH bonds replaced with 
Si-D and/or Si-OD bonds. Deuterium atoms represent a very 
small fraction of the atoms in naturally occurring hydrogen. 
In preferred embodiments of this invention the ratio of 

0 deuterated to hydrogenated silicon bonds is substantially 

greater than the naturally occtirring fraction of deuterium 
atoms. In most preferred embodiments the ratio of Si-D plus 
Si-OD bond to Si-H plus Si-OH bonds in the oxide and oxide- 
silicon interfaces will be greater than about 95:5. 

5 A further understanding of the nature and 

advantages of the invention herein may be realized by 
reference to the remaining portions of the specification and 
the attached 'drawing. 

5 BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a representation of a silicon-silicon 
dioxide interface having some desirable features of the 
present invention. 

5 DESCRIPTION OF THE SPECIFIC EMBODIMENTS 

The present invention provides a method for 
producing semiconductor devices in which hydrogen-containing 
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bonds in silicon dioxide are replaced with dauteriua 
containing bonds. Specifically Si-H bonds are replaced with 
Si-D bonds and Si-OH bonds are replaced with Si-OD bonds. 
Because the deuterium containing bonds are less liXely to 
break on exposure to electrical stresses, devices prepared 
according to this invention have various advantages over 
conventional devices. For example, they have more stable 
fTTitn thrrnhniil — l^-f" i n MPS devic es and better control 
^^yrrj_^}^i,.ja /.in-yante B In junction de vices . 

Thefo rmatio n of Si-D jiid_SireELJ«»nds is 
aocomplishcdrlirthe present invention by contacting a 
silicon wafer with deuterium or a deuterium containing 
compound before, during , aodAorL_a£ter formation a device 
oxide_laypr. As used herein, the expression "deuterium" 
15 refers to materials that include deuterium in a 

concentration above its naturally occurring level. Thus, 
for example, pure gaseous Dj as well as a gaseous mixture of 
50* Hj and 50* Dj qualify as "deuterium." In fact, any 
artificial gaseous mixture containing a ratio of Dj to H2 
20 above the naturally occurring level constitutes "deuterium" 

as used herein. The naturally occurring concentration of 
deuterium is about one part in 6000 parts of hydrogen. 

The expression "deuterium containing compound" is 
intended to refer to compositions containing deuterated 
25 compounds in a concentration above the naturally occurring 

level. Thus, a solution of 50% DjO in HjO would constitute a 
deuterium containing compound. Likewise, compositions 
containing DCl, D2SO4, SiD« are "deuterium containing 
compounds" so long as the deuterium containing compounds are 
present at a Joncentration greater than that of naturally 
occurring deuterium in hydrogen. 

Referring now to Pig. l, an_interfasft_region 
between a siliconj^r 10 and a silicon dioxide layer 12 is 
srti^i^ally represented. Silicon layer 10 may be, for 
example, a highly doped, conductive polysilicon gate contact 
or a .ainalfi_cn«-tal_silJ-CQn_s.emicijnauc^ The bulk oxide 
layer consists of infinitely linked SiO* tetrahadra with an 
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occasional oxygen vacancy or othar fault. Ideally/ all 
silicon atoms at the interface are bonded to an oxygen atom 
associated with the oxide network. For example, at 
positions 8 and 22, silicon atoms on the surface of the 
5 silicon layer are bonded to oxygen atoms that are 

incorporated into Si04 tetrahedra. However, not all surface 
silicon atoms are bonded with the oxide layer- For example, 
at positions 6 and 16, surface silicon atoms are displayed 
with dangling bonds. These situations are undesired because 
xo of the extra surface states associated with uncompleted 

silicon bonds. At position 6, the oxide layer oxygen atom 
nearest to the silicon surface is incorporated into two Si04 
tetrahedra, while at position 16, the nearest oxygen atom is 
incorporated into one Si04 tetrahedra and bonded to one 

15 deuterium atom. 

some silicon atoms at the interface have completed 
bonds with species other than the Si04 tetrahedra of the 
bulk oxide. These bonding arrangements include Si-H and Si- 
OH groups shown at positions 14 and 24, respectively. As 

20 noted, these bonds result from contact of hydrogen or 

hydrogen containing compounds during the device fabrication 
steps, some of them may have even been formed intentionally 
by hydrogen annealing to saturate dangling silicon bonds. 
The bonding arrangements shown at positions 2 and 18 are 

25 favored for the present invention. At these positions, 

silicon atoms that would otherwise have dangling bonds are 
saturated by coupling with -OD and -D. These bonds are less 
likely than their hydrogen counterparts to break when 
subjected to electrical stresses. 

30 AS shown below, the zero-point energy levels of 

deuterium containing bonds are lower than the corresponding 
hydrogen containing bonds and hence need a greater 
thermodynamic driving force to break them. 

c< u -71 c; icc-T^y /malm Si-D - 72.3 Kcal/mole, 

^iaViJ^J illlZoll O-D - 104.3 Kcal/mole. 

(See, CRC Handbook of Chemistry and Physics, 64th edition. 
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1983-1984; CRC Press Incorporation, Boca Raton, Florida, p 
F176-179 . ) 

Further, the Kinetic isotope effect in the 
chemical reactions requires that deuterium containing bonds 
5 break more slowly than the corresponding hydrogen containing 

bonds. The rate constant of chemical reactions involving 
important deuterium-containing molecules (Kd) is smaller 
than for hydrogen-containing molecules (Kh) as shown. 

10 Kd/Kh » 0.75 - 0.85 for triphenylsilane, 

Kd/Kh « 0,4 for chloroform, 
Kd/Kh - 0.5 for chloride. 



(See, L. Melander, Isotope Effects on Reaction Rates, The 

15 Ronald Press Company, K.Y., 1960, which is incorporated 

herein by reference for all purposes) 

In addition, the ionic product of DjO (i.e. 
[D'*'][OD~]) is smaller by about an order of magnitude than the 
corresponding ionic product of HjO. Thus, fewer reactive 

20 ions are present in heavy water than in normal water. By 

replacing normal water with heavy water in processing steps 
such as thermal oxide formation emd cleaning, the potential 
for chemical reaction on oxide surface is decreased. The 
ion product constant of DjO is 1.1*10"^^ while the ion 

25 product constant for HjO is 1.01*10"^^. (See, Isotope Effects 

in Chemical Reactions, Edited by C.J. Collins and S. Barman, 
Van Nostrand Reinhold Company, H.Y. , 1970, which is 
incorporated herein by reference for all purposes) • 
The present invention can be implemented 

30 throughout the VLSI fabrication procedure. A typical 

fabrication procedure will include various doping, etching, 
annealing, deposition, cleaning, passivation, and oxidation 
steps. In each instance in which hydrogen or a hydrogen 
containing compound is employed, deuterium or a deuterium 

35 containing compound can be used in its place. This Is 

particularly important in those fabrication steps in which a 
permanent oxide layer is being formed or treated. The 
method of this invention can be implemented, for example, by 
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annealing in Nj ambient with Dj, by replacing HCl and/ or HjO 
with DCl and/or DjO during cleaning, or by using deuteriun 
containing compounds during chemical vapor deposition to 
form polysilicon layers. 

Preferably, deuterium or deuterium containing 
compounds having a mole fraction of near 1 (for tbe 
deuterated versions) are employed in fabrication steps. 
However, lower concentrations of deuterated compounds may 
also be employed, but rf«n«T-^iiv require a longe r reaction or 
contact time to ensure format ion_Qf_ a substantial percenta ge 
o f-S^^p'^/or Si-OD bounds, "fl^^^il^rdeuterated bonds are 
TOre stable them their hydrogen-containing counterparts, 
they ultimately supplant some hydrogenated bounds during 
long exposure to deuterium containing compounds. 

Preferred annealing atmospheres of the present 
invention includes a deuterium mole fraction of greater than 
about 0.90, and more preferably greater than about 0.95. In 
especially preferred embodiments, the annealing atmosphere 
includes a deuterium mole fraction of greater than about 
0.99. The deuterium containing annealing atmosphere is 
preferably provided at a temperature of about 500 -C and a 
pressure of about one atmosphere. These conditions are 
typically maintained for approximately 10 to 20 minutes. Of 
course, othet_acceptable_soiidi£ions vill be apparen t to 

25 thoafi-o#-a kill in the a rt. 

During cleaning of silicon wafers, some molecules 
of the cleaning agent are incorporated into the device 
structure. If the cleaning agent includes hydrogen in its 
molecular structure, some Si-H and Si-OH bonds form. To 
promote formation of deuterium containing bonds over 
hydrogen containing bonds, the semiconductor devices 
fabricated according to the present invention are preferably 
cleaned with a deuterium containing compound. Thus, 
preferred cleaning compounds include DjO, DjSO^, CDCI3, and 
DCl Of course, any other common hydrogen containing 
cleaning compound can be replaced with the corresponding 
deuterium containing compound. 
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Wet tihermal oxidation of the silicon wafer can be 
conducted using heavy water. A suitable process is 
conducted by bubbling a carrier gas such as oxygen, 
nitrogen, or argon through a heavy water bath. Some of the 
5 heavy water will be vaporized in the process and transported 

with the carrier gas to the silicon surface where an oxida 
layer is formed. In some alternative thermal oxidation 
methods, deuterium and oxygen gases are passed through a 
diffusion tube to form heavy water that is used to produce 
10 the oxide film. In either method, some of the deuterium 

atoms from the heavy water will bond with surface silicon 
atoms* Although such bonds are less preferred than Si-O 
bonds with the bulk oxide,, they are an inevitable side 
product of any wet oxidation processes. Because heavy - 
15 rather than normal - water is employed, these less preferred 

bonds will be satisfied with deuterium or deuterium oxide 
groups . 

The use of silanes such as SiH4 and Si(C5H5)3H 
during chemical vapor deposition steps is another source of 
20 hydrogen in normal VLSI fcO^rication procedures. If 

deuterated silanes are substituted for their hydrogen 
coxinterparts , the density of Si-H and Si-OH bonds will be 
fxirther reduced* In general, any of the organosilicon 
compounds widely used in VLSI technology can be replaced 
25 with the corresponding deuterium analogs. 

In general, electronic devices formed according to 
the above processes will have an increased n\imber of Si-OD 
and Si-D bonds in comparison with devices formed using 
conventional processes. The regions where the deuterat:ed 
30 bonds provide the greatest benefit in terms of device 

performance is at the interface of silicons-silicon dioxide 
layers. Thus, the semiconductor devices of this invention 
will have at this interface a ratio of Si-OD plus Si-D bonds 
to Si-OH plus Si-H bonds that is substantially greater than 
35 ratio of naturally occurring deuterium to hydrogen. Similaur 

ratios will be found in the bulk oxide of the devices. 
Thus, the ratio will be substantially greater than 1:6000 
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deutera^ed t:o hydrogenated bonds at the Interface and in the 
bulk oxide. In preferred embodiaents, the ratio of 
deuterated to hydrogenated silicon bonds will be greater 
than about 95:5, and in aore preferred enbodimenta, greater 
5 than about 99:1. Especially preferred devices of this 

invention eure HQS transistors in which the gate oxide- 
silicon layer contains additional deuterium containing 
bonds. However, other devices such as bipolar jtinction 
transistors are also within the purview of this invention. 

10 It is to be understood that the above description 

is intended to be illustrative and not restrictive. Many 
veuriations of the invention will become apparent to those of 
skill in the art upon review of this disclosure. For 
example, while the invention has been illustrated with 

15 regard to specif ic deuterium containing compounds, it should 

be clear that a wide variety of deuterium containing 
compounds may be used herein without departing from the 
scope of the inventions herein. The scope of the invention 
should, therefore be determined not with reference to the 

20 above description, but instead should be determined with 

reference to the appended claims along with their full scope 
of equivalents. 
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1. A semiconductor device comprising at least 
one silicon dioxide layer and an interface between the 
silicon dioxide layer and a silicon surface, the silicon 
dioxide layer and the interface having Si-CD and Si-D bonds; 
wherein the ratio of Si-OD plus Si-D bonds to Si-OH plus Si- 
H bonds is substantially greater than ratio of naturally 
occurring deuterium to hydrogen. 

2. The semiconductor device of claim 1 wherein 
the ratio of Si-OD plus Si-D bonds to Si-OH plxis Si-H bonds 
is greater than about 95:5. 

5 3. The semiconductor device of claim 2 wherein 

the ratio of Si-OD plus Si-D bonds to Si-OH plus Si-H bonds 
is greater than about 99:1. 

4, The semiconductor device of claia 1 wherein 
0 the silicon surface is on a conductive polysilicon gate 

contact of an MOS device. 

5. An MOS device comprising a gate oxide 
including silicon dioxide and an interface between the gate 

5 oxide and a silicon surface, the silicon dioxide and the 

interface having Si-OD and Si-D bonds; wherein the ratio of 
Si-OD plus Si-D bonds to Si-OH plus Si-H bonds is 
substantially greater than ratio of naturally occurring 
deuterium to hydrogen. 



0 



5 



6. The MOS device of claim 5 wherein the ratio 
of Si-OD plus Si-D bonds to Si-OH plus Si-H bonds is greater 
than about 95:5. 

7, The MOS device of claim 6 wherein the ratio 
of Si-OD plus Si-D bonds to Si-OH plus Si-H bonds is greater 
than about 99.1. 



13 

8. The HQS device of claim S wherein the silicon 
surface is on a conductive polys ilicon gate contact. 



9. The HQS device of claim 5 wherein the silicon 
surface is on a semiconducting silicon surface* 

10. A method of fabricating a semiconductor 
device containing at least one silicon dioxide layer and a 
silicon surface having an interface with the silicon dioxide 
layer, the method comprising: 

directing a deuterium containing compound 
onto a silicon wafer; and 

forming Si*0 bonds at the silicon and silicon 
dioxide interface. 

11. The method of claim 10 wherein the step of 
contacting is a cleaning operation and wherein the deuterixun 
containing compound is a cleaning agent selected from the 
group consisting of DCl, D^SO^, CDCI3, and DjO* 

12. The method of claim 10 further comprising a 
step of forming a gate oxide. 

13. The method of claim 10 wherein the step of 
contacting the silicon wafer is a thermal oxidation step, 
and the deuterixim containing compound is heavy water vapor, 
O2O. 

14. The method of claim 10 wherein the step of 
contacting the silicon wafer with a deuterium containing 
compound is an annealing step, and the deuterium containing 
compound is deuterium gas. 

15. The method of claim 10 wherein the step of 
contacting the silicon wafer with a deuterium containing 
compound is a chemical vapor deposition step. 
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16. A method of fabricating a silicon 
semiconductor device, the method comprising annealing the 
semiconductor wafer in an annealing atmosphere including 
deuteriua. 

5 

17. The method of claim 16 wherein the annealing 
atmosphere includes deuterium mole fraction of at least 
about 0.95. ' 



10 18. The method of claim 16 wherein the annealing 

atmosphere includes nitrogen. 

19. The method of claim 16 further comprising 
steps of forming a silicon dioxide layer and doping the 

15 semiconductor wafer. 

20. The method of claim 16 wherein the atmosphere 
is substantially free of hydrogen. 



20 21. A method of cleaning a semiconductor device, 

the method comprising contacting a silicon wafer containing 
at least one silicon dioxide layer with a deuterium 
containing cleaning compound. 



25 22. The method of claim 21 further comprising the 

steps of doping the silicon wafer and annealing the wafer in 
an atmosphere including deuterium gas. 

23. The method of claim 21 further comprising a 
30 step of forming a gate oxide. 



24. The method of claim 21 wherein the deuterium 
containing cleaning compound is selected from the group 
consisting of D2O, O2SO4, CDCI3, aind DCl. 
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